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(CENELEC, 2008) but assessment of exposure to electromagnetic fields of emerging wireless systems such as HSPA, LTE, and mobile WiMAX and the characterization of exposure distributions and variability in different environments are missing.
Measurement campaigns of RF exposures using personal exposimeters and their results have been presented (Frei et al. 2009 , Joseph et al. 2008b , 2010c , Knafl et al. 2008 , Neubauer et al. 2007 , Roösli et al. 2008 , Viel et al. 2009 ). Exposimeters are not suitable for accurate field assessment and current personal exposimeters cannot measure accurately e.g., LTE and WiMAX (Bolte et al. 2011 ), but one can use these to obtain an idea about exposure distributions.
In this paper a methodology and design of measurement campaign will be presented to experimentally determine in-situ electromagnetic field exposure of general public due to new wireless sources in various environments. The purpose of this study is to provide a range of typical RF exposure values from base stations, investigate the exposure distributions, compare the contribution of the various RF sources, and check compliance with the ICNIRP guidelines for general public exposure (ICNIRP 1998) . Moreover, LTE exposures in the first commercial deployment (Stockholm, Sweden) and mobile WiMAX exposure (IEEE 802.16e 2005) (Amsterdam, The Netherlands) were assessed during this measurement campaign. Only exposures due to base stations are considered here and not due to mobile handsets. The results, procedures, and methodologies of this paper can be used by authorities and epidemiologists to estimate the exposure from RF emitting sources and gain insight in which environments highest exposures occur and due to which sources. Moreover, the exposure 5 variability that can be expected between different environments is presented here. Knowledge about these exposure distributions and variability is useful for the planning of future studies.
II. MATERIALS AND METHOD

A. Measurement locations
The 311 different measurement locations, spread over 35 areas or sites, are subdivided into 6 different categories depending on the type of environment, population density, the available wireless technologies (e.g., mobile WiMAX in the urban environment of Amsterdam, The Netherlands and LTE in Stockholm, Sweden), and the expected amount and time of traffic: rural, residential, urban, suburban, office, and industrial environments. Table 1 summarizes the categories and the number of indoor and outdoor measurement locations per category.
Also a short description of the categories is added. These sites are geographically spread across Belgium, The Netherlands, and Sweden. 243 outdoor locations and 68 indoor locations were selected. 1930 Zaventem Belgium). The measurement uncertainty for the electric field is ± 3 dB for the considered setup (CENELEC 2008) . This uncertainty represents the expanded uncertainty evaluated using a confidence interval of 95 %.
Current wireless RF sources are mainly operating in the frequency range of 80 MHz up to 6 GHz. After allocating the present signals by a spectral survey, these signals were measured more in detail. Base station exposures of the 12 following different RF signals in the band 80 MHz -6 GHz are determined (explanation of abbreviations is listed below Table 2), namely FM, T-DAB, TETRA, PMR, DVB-T, GSM900 and GSM1800, DECT, UMTS-HSPA, WiFi, LTE, and WiMAX. The narrowband measurements were executed during daytime at 7 weekdays. The used setup for narrowband measurements enables the most accurate assessment of in-situ exposure from various sources (CENELEC, 2008) . Table 2 lists the different RF signals, while the sensitivities of the measurement system for the various signals are provided in Table 3 : they vary from 0.002 V/m for TETRA/PMR/GSM900 to 0.013 V/m for WiMAX. These sensitivities depend upon the frequency due to the varying antenna factor (sensitivity) of the tri-axial measurement probes in the considered frequency range.
C. Settings of measurement equipment
If the SA-settings for narrowband max-hold measurements are discussed in literature, almost never all parameters (and certainly not the sweep time) are discussed or only vaguely specified. These settings have a huge influence on the measurement results. Therefore, it is very important to specify these . To determine the (optimal) settings to check compliance of the different signals with the ICNIRP guidelines, the method of Verloock et al. 2010 is used. After investigations, we obtained the settings listed in Table 3 Joseph et al. 2008 , and Joseph et al. 2010b . These references for optimal exposure assessment of the different technologies are also provided in Table 3 . 8 We have to remark that the use of max-hold measurements may result in larger overestimations for GSM and DECT than for other signals. The SA's maximum-hold setting retains the maximum measured values, resulting in an overestimation of e.g., hopping GSM signals because it is assumed that all maxima are simultaneously present using this setting (this is thus a kind of worst-case measurement). Also base station exposure to DECT is overestimated as DECT is a TDD system (Time-Division Duplex) and thus uplink traffic due to DECT mobile phones is also measured.
D. Data analysis
We consider in this paper as exposure metrics the electric- The exposure ratio ER of an RF signal is defined as the ratio between the maximal measured electric field value for the considered signal type over the 311 locations and the corresponding ICNIRP reference level:
With max() the maximum value over N locations (N = 311 when considering all data), E signal,i
[V/m] the field strength of an RF signal (e.g., FM, GSM, LTE, etc.) at location i, respectively, L E the corresponding ICNIRP reference levels for electric-field strength in V/m. A ratio smaller than 100 % means that the ICNIRP reference levels are satisfied.
The exposure ratio can also be defined with respect to power densities (denoted as ER S ): The exposure ratio is defined as the maximal cumulative ratio between total electric field values in an environment and the corresponding ICNIRP reference levels:
With max (Table 2) . Maximal contributions MC range from 6.9 % (T-DAB) to 100.0 % (GSM900). Average contributions AC range from 0.2 % (WiMAX, T-DAB) to 53.2 % (GSM900). (n) where a certain signal was above the sensitivity of the measurement system (and thus present), is mentioned. All measured electric-field values satisfy the ICNIRP guidelines (ICNIRP 1998). The maximal total value was measured in a residential environment and equals 3.9 V/m (Table 4 ). This value is 11 times below the ICNIRP guidelines and mainly due to the GSM900 signal (3.85 V/m). From Table 4 it can be seen that mobile telecommunication 11 signals (GSM, UMTS-HSPA) were measured almost at all locations in each environment and dominate the RF-exposures in all environments due to the presence of the high amount of base station antennas nowadays and the common mobile phone use among people. For the GSM900 signal n equals 100 % in every environment and n is more than 70 % for the GSM1800 signal. The UMTS-HSPA signal was also measured more than 70 % in all environments except in the rural environment. GSM dominates the wireless telecommunication exposures from base stations. Because of the use of frequency hopping an overestimation is made for these signals by performing max-hold measurements (see Section II.B). Standard deviations σ of total exposures vary from 7 to 10 dB for all environments. These are typical standard deviations σ for large sets of field values (Plets et al. 2009 ). normal distribution are calculated. Fig. 3 shows, based on this procedure, the excellent agreement between empirical and estimated lognormal CDF for E tot (all data). Different distributions were compared (lognormal, exponential, Rayleigh, Rice, etc.) and for the lognormal distribution the best agreement was obtained. This results for E tot in estimates  est = -7.4 dBV/m of the mean value and  est = 9.4 dB of the standard deviation of the lognormal distribution function. Table 5 summarizes  est ,  est for the different environments.
B. Field distributions per environment
These values are listed in dBV/m and dB because of the lognormal behavior. The mean values vary from -4.1 dBV/m (urban) to -17.3 dBV/m (rural) and standard deviations vary from 7.0 to 10.6 dB. These distribution functions provide a basis for classification of future measurements (Tomitsch et al. 2010) . Moreover, this is very useful for epidemiological studies. Table 2 . For power densities, the highest exposure ratio ER S occurs for GSM900 and is 0.9 %. 
C. Exposures and ER per environment
D. Exposure per type of RF signal
Highest exposures occur for GSM900 (p 95 up to 2.2 V/m, suburban), followed by GSM1800 signal was present at each location in the different environments, the signal could not be measured at some locations (n does not equal 100 % in every environment, Table 4 ). At these locations the signal level of FM was below the sensitivity of the measurement equipment (Table 3 ).
E. Exposure contributions per category/environment
Fig . 6 shows the average power density contribution of each signal in the various environments. It can clearly be seen that the main contribution in all environments is due to the GSM signals as these telecommunication signals are most used up to now, and use typically higher powers than the newer technologies such as UMTS, HSPA, and LTE. The average contribution (AC) for GSM (900+1800) is more than 60 % (Table 2 , Fig. 6 ). Except for the rural environment, average contributions of UMTS-HSPA are more than 3 % (from 3.7 % in residential environments to 11.4 % in urban environments). The average contributions of LTE and WiMAX are less than 1 % (Table 2 ) (Joseph et al. 2010b ). As these technologies are new and emerging, their deployment and resulting exposures are limited.
In residential and suburban environments DECT results in the second highest exposure contributions (after GSM900) of 15.7 and 23.8 %, respectively (Fig. 6 ). Average contributions due to WiFi are limited and lower than 2 % for all environments. Furthermore in each environment the DECT and WiFi signals are present. Fig. 6 illustrates again that the exposure to DECT is significantly higher than to WiFi. Also in Tomitsch et al. 2010 , DECT caused the highest exposures in bedrooms: a maximal value of 4872 μW/m 2 (1.4 V/m) was measured.
Here we obtained values up to 2.7 V/m: in our study more different types of environments and both indoor and outdoor exposures are considered.
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In each environment the FM, T-DAB, PMR, and Analogue TV -DVB-T signals were measured, these signals contribute on average less than 20 % to the total value.
F. Outdoor versus indoor exposure
In this section indoor and outdoor exposures are discussed. 3.5 %), LTE (< 1 %) and WiMAX (< 1 %). DECT is important at indoor locations (28.9 %, also Table 6 ).
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For DECT and WiFi higher percentiles in Table 6 are obtained indoor than outdoor: DECT and WiFi signals are indoor sources and the access points for these technologies are installed indoor. The average contribution of DECT equals 6.2% outdoor while indoor the contribution is 28.9 % (Fig. 7) . For WiFi the average contribution is 0.4 % outdoor while indoor 3.4 %. Fig. 7 shows that the FM, T-DAB, TETRA, PMR and Analogue TV -DVB-T signals were measured indoor as well as outdoor. There is no significant difference between the contributions of these signals indoor and outdoor.
G. Comparison with related research
Median RF exposures in Tomitsch et al. 2010 , where exposure in bedrooms of mainly rural houses was investigated, agree well with the values of Table 4 values for rural environments in Table 4 ). According to Bornkessel et al. 2007 , exposures in the surrounding of GSM and UMTS base stations are mainly in the range below 2 % of ICNIRP field strength limits and may reach more than 10 %. This agrees with our results for GSM (max 9.3 %) and UMTS-HSPA (2.3 %). Highest values of about 5 V/m were measured for both GSM and UMTS for 11 specific scenarios (not randomly as in our study). Also GSM exposures are mostly higher than UMTS in Bornkessel et al. 2007 (85 %) , as in our measurements. Electric-field values for WiMAX up to 0.8 V/m were found in Bornkessel et al. 2008 , which is higher than in our study (0.3 V/m, Table 2 ) but of the same order. The higher fields in Bornkessel et al. 2008 can be explained by the fact that fields around specific 18 WiMAX base station sites were investigated. Exposures to the different signals are comparable to results in literature, but will not be discussed here in detail (Lehmann et al. 2002 , Joseph et al. 2006 , Neubauer et al. 2002 . Higher exposures to TV and radio transmitters are possible in specific regions (Sirav and Seyhan, 2009 ). Field distributions have not been modelled in Tomitsch et al. 2010 , in contrary to our results of Section III.B.
Here we obtained significant lower exposures in rural areas. This is consistent with Tomitsch et al. 2010 and Lönn et al. 2004 , where higher mobile phone output powers were found in rural compared to urban areas, indicating lower base station signal intensity in rural areas.
Measurement campaigns of RF exposures using personal exposimeters and their results have been presented in Frei et al., 2009 , Joseph et al., 2008b , 2010c , Knafl et al., 2008 , Neubauer et al., 2007 , Roösli et al., 2008 , Viel et al., 2009 . Exposimeters are not suitable for accurate field assessment and current personal exposimeters cannot measure LTE, but one can use these to obtain a rough idea about exposure distributions. Also in Joseph et al., 2008b and Viel et al., 2009 it was concluded that exposures and especially downlink GSM exposures are higher in urban areas than in rural areas.
IV. CONCLUSIONS
In-situ electromagnetic radio frequency exposure to existing and emerging wireless technologies is accurately assessed using spectrum analyzer measurements at 311 locations (68 indoor, 243 outdoor), subdivided into 6 different categories (rural, residential, urban, suburban, office, and industrial) and geographically spread across Belgium, The Netherlands, and Sweden. Measurement procedures and settings of measurement equipment are provided.
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The maximal total value was measured in a residential environment and equals 3.9 V/m mainly due to the GSM900 signal (11 times below the ICNIRP reference levels). Exposure ratios for maximal electric-field values, range from 0.5 % (WiMAX) to 9.3 % (GSM900) for the 311 measurement locations. The exposure ratios for total exposures vary from 3.1 % for the rural environment to 9.4 % for the residential environment. Exposures are lognormally distributed and are in general the lowest in rural environments and the highest in urban environments. The dominating outdoor source is GSM900 (95 th percentile of 1.9 V/m), indoor DECT dominates (95 th percentile 1.5 V/m) if present.
The average contribution to the total electric field is for GSM more than 60 %. Except for the rural environment average contributions of UMTS-HSPA are more than 3 %. The contributions of LTE and WiMAX are on average less than 1 %.
Future research will consist of the investigation of the temporal behavior of RF signals and the influence of usage traffic. As exposures vary during time, future exposure assessment will have to take this into account. Also comparison of narrowband measurements with exposimeter data is part of future research. Table   Table 3 n: the number of display points of the SA (n = 455 for the considered SA) t active : active duration peak: positive peak (PP) detector Table   Table 4 
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